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BASED ON ONE-DIMENSIONAL ANALYSIS

By Linwood C. Wight and John F. Klapproth

SUMMARY

An analytieal study was made of four combinations of subsonic
and supersonic flowin the rotor- and stator-blade passages Of
axial-flow compressors. The theoretical total-preeeure ratio of
each of these types ofconpressor, when only normal-shock losses
are consldered, is given as a function of the rotational speed and
the turning angle in the rotor passage.

Campressor | wilth a rotor-contained normal shock and subsonic
velocity at the stator entrance O fered 8 total-pressure ratlio O
about 3.5 per stage and for no change in outer shroud radius was
limted by the stator-entrance angl e8 end stator-entrance Mach
nunbers to 8 maximum total-pressure rati o of about 4.6 per astage.

Compreasor || had a rotor-contai ned normal shock but permitted
‘pupersonlc velocitles at the stator entrance. Total-pressure ratios
above 60per stage were theoretically possible, but probl ens such
a8 stabilizing normal shocks in both the rotor and the stator,
large turning in the rotor passage, and utilizing the high stator-
entrance angles require further investigation

Compregsor IXI utilized supersonic flow throughout the rotor
and recovered the pressure in supersonic stators having a
contained normal shock. Total-pressure rati os above 5.0 were
possible in a single stage, but normal shock losses were greater
than for the other +types at comparable pressure ratlos above 30.
Because the shock wasremoved to the stator, however, devices for
approaching isentroplc deceleration through sonic velocity may be nore
easily applied.

Conpressor IV had subsonic velocity in the rotor and supersoalc
velocity in the stator entrance. Theoretical total-preeeure ratios
above 40per stage were 'possible, but the range of efficient supersonic
operation was expected to be from 1.8 to 2. 2.
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The specific ma88 flow O compressors I, IT, and IIT waa above
90 percent of maxi numfor the annwlus. The specific mass fl ow Of
compressor IV was about 60 percent of maxi mum for the annulus; how
ever, because 0of the possible | ack of restrictions on radius ratio,
campressor |V may have had a total mass fl ow compaxrable with other
types of compressor for a given frontal area.

INTRODUCTION

The use of supersonic air velocities relative to any of the
conponent 8 of axial -fl ow compressors of fers promise of greatly
increasing the total-pressure ratio per stage (reference 1). Severa
of such compressors have been built and operated (references 2 and 3).
The nmaxi mum theoretical performance attainable with various supersonic
conflgurations of axial -fl ow compressors considered structurally and
aerodynanmically practicable at present was briefly analyzed at the
NACA Lewi s |l aboratory and i s presented herein.

For the purpose of this discussion, a supersonic axial-flow
compreasor Can be considered as any axial-fl ow conpressor having
superaonic velocities relative to any conponent. The velocities
at the entrance to the inlet guide vanes can be subsonic or super-
sonic. Because the remenergy can be recovered nore efficiently by
t he useof spiked diffusers than by the compressor and becasuse the
mass flow per unit area decreases appreciably for Mach numbers
above 1.2, only subsonic velocities have been considered at the
entrance to the inlet guide vanes, even for the case of superaonic
aircraft. The rotor or diffusing stators can have relative
veloclties that are: (1) supersonic at the entrance with decel era-
tion through sonic velocity by means of shocks inside the passage,
(2) entirely supersonic throughoutthe passage, or (3) subsonic
t hroughout the passage. For nost applicationa, the velocities
leaving the exit eta-tore must be subsonic; therefore the use of
supersonic vel ocities throughout the stators is not considered.
Practicabl e supersonic conpressor8 may thus tentatively be restricted
t o those having both subsonic entrance velocities into the inlet
gui de vanes and eubsonic exit velocities fromthe diffusing stators;
si X possible combinations of rotor and stator flows then renain.
Subsonic flow throughout both rotor and stator 1s the usual subsonic
compressor and is not considered. Supersonic flow throughout the
entire rotor with subsonic stator velocities give8 total-pressure
ratios below 1.6 for rotor speedsup to 1800 feet per second and
hence this flow configuration 1s also disregarded. Thie anslysis
is therefore restricted to the renmining four types of compressor,
which are described in the following table
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Compressor Veloclty at rotor Veloclity at stator
I Supersonic entrance, decelera-|Subsonic throughout
tion through sonic wvelocity
In passage
II Supersonlic entrance, decelera-|Supersonic entrance,
tion through sonlc velocity deceleration through
in passage soni ¢ wvelocity in
passage
IIT Supersonic flow throughout Supersonic entrance,

deceleration through
sonlc velocity in
pa.asage

v Subsoni ¢ fl ow throughout Supersonic entrance,
deceleratlion through
gonlc veloclty in
passage

GENERAIL DESCRIPTION OF FLOW PROCESSES

Energy addition. - The energy addition in any conpressor rotor
appears a&s kinetic energy and sbtatic-pressure increase. The usua
subsonic axial-flow compressor obtains static-pressure increase by
diffusing the flow into the |arger area made available by turning
the flow in the direction of rotation. The supersonic conpressor,
however, can have a large increase i n static pressure in & relatively
ghort di stance without requiring bl ade curvature by neans of the
conpressi on shock. Any turning that can be acconplished in the
direction of rotation adds to the absclute kinetic energy, further
increasing the total energy addition.

Conpressor | (rotor-contained normal shock, subsomle entry into
stators) obtains nost of its total-pressure ratio through the static-
pressure gain in the rotor. A esmell static-pressure riSe occurs
when the supersonic streamentering the rotor passage i s compressed
to the nmininmum area that permits stable supersonic flow (refer-
ence 4). A large statlc-pressure rise occurs acrose the normal
shock that takes place at the minimum-area Mach number under proper
operating conditions. If the air can be further diffused in the
subsonic portion of the bl ade passage, an additional static-pressure
increase is obtained

CONNRENGik,
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Compressor || (rotor-contained normal shock, supersonic stator
entrance) has the static-pressure increase due to deceleration
t hrough sonic velocities in the rotor, as obtained in compressor |;
and, in addition, inparts sufficient kinetic energy by turning and
diffusing the flow in the rotor passage to cause the air to enter
the stators with supersonic velocities. This kinetic energy is
then converted to pressure energy by deceleration through sonic
volocltles i n t he stators,

Compressor |11 (supersonic rotor throughout, supersonic stator
entrance) obtains nost of its total-pressure rati o through kinetic-
energy addition. The total anount of contraction of the supersonic
streamis limted by the contraction ratio that permite stable
supersonic flow t0 enter the passage. The static-pressure increase
obt ai ned by compressing the supersonic streamis therefore linted.
The Kinetic energyls obtai ned by turning the supersonic stream
until the air enters the stators W th supersonic velocities. The
gtators then decel erate the air through sonic velocity, converting
the kinetic energy to pressure energy,

Conpressor |V (subsonic rotor, supersonic stator entrance)
relies primarily on the addition of kinetic energy by turning the
flowin the direction of rotation. Arelatively emall static-
pressure rise through the rotor can be obtained by diffusing the
flow at the seme tinme that it is being turned in the rotor passage,
Sufficient energy must be added so that the velocities entering
t he diffusing stators are supersonic. This energy is then con-
verted to pressure energyin the stators by decel eration through
gonic velocities and further diffusion to the desired velocity.

Entrance conditiona. - For the compreasora requiring super-
soni ¢ entrance velocltles relative to the rotor (compressors |, |1,
and I'l11), guide van88 may be necessary to increase the Mach number

relative to the rotor by tuxning the fl ow opposite to the direction
of rotation. This turning is npat essential at the bl ade root where
the rotational speeds are lowest.

For conpressors | and Il, a large change in gtatlc pressure
and tangential wveloclties occurs through the normal shock in the
rotor. These rapi d changes nay | ead to | arge detrimental radial
accelerations i medi ately behind the shock wmless controll ed
t hrough varying the relative total-preassure conditions at the
rotor entrance by use of entrance guide vanes. Conpressore | and
|| therefore reguire entrance gui de van88 for equili bri umconsid-
erations and compressor ||| nmay require guide vanes to increase
the Mach nunber relative to the rotor-blade root

L90T
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For compressor IV, subsonic velocltles relative to the rotor
are #Fequired. For rotational Speeds above 900 feet per second and
axi al Mach numbexrs above 0.20, the air must be turned inm the direc-
tion of rotation 4n order to keep the relative velocities subsonic.
The turming in t he gui de vanes required for subsonic velocities
relative to t he rotor restricts the maxi numaxial veloeity that can
be used for any gliven rotatiomal speed. The maximum permissible
axi al compoment then decreases a&s the design rotational speed 1s
increased.

Rotor flow. = The turning that is required in the rotor passage
for compressors | and || can be accomplished either before or after
t he normal shock W t hout Influwence cmt he total-pressure ratio.
However, the advantage8 to turning in the supersonic region are:

(1) An Increase in bl ade thickness 18 al | owed; and (2) separation
is less |ikely to occur because (a) the expansion caused by super-
sonic turning iIn the direction of rotatlion producesadecreasing
pressure gradient, and (b) the turning 1s accomplished before the
bui I d-up in boundary [ ayer usually accompenying a normel shock.

As the rotor passege 1s turned In the direction of rotation,
the fl ow area increases for comstant bl ade thiclmess. If the
chord | ength remalnsapproximately constant, the rate of area
Increase and consequently the subsonic dlffusion rate becomes
| arger as the anmount of turning is increased. |ncreased rotor-
bl ade durning with constant chord may |ead to diffusionrates that
woul d cause separation unless t he fl| ow area were restricted by
deoreasing the blade helght or span. A restriction of the blade
hei ght by changing the hub or tip radii is therefore probably
necessary for compressors utilizing a |l arge turning in the robor
passage (compressors II, IIX, end IV, and poesibly compressor I).

D ffusing stator conditions. - Compressors I and IT may have
very high entrance angles into the diffusing staters. The axi al
camponent of the veloclty is decreased considerably because of the
large change in density in golng through the shock. For the case
in which the axial velocity becomes nal| compared with the
tangential vel ocity emtering t he stators, t he stator entrance
angles measured from the axis may become very lsrge. The axial
component Of the velocity can be increased by restricting the
rotor-exit area through change in hub or tip radius, thereby
lowering the angle into the stator a8 well as decreasing t he diffusion
rate.

BecauseOf the snmal| change In density across the rotor of
compressor |||, the axlal velocity deoreases only slightly and the
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entrance angles into the stators are considerably |lower than for
conpressors I and||.

Compressor |V Can have an increase in staticC pressure across
the rotor as well as kinetic-energy addition, but because the pres-
sure gradi ent caused by both the diffusion and the turning aggravates
boundary-I|ayer build-up, it my be advantageous to restrict the
diffusion to little or none. When the diffusion is so restricted,
little or no change in density across the rotor exists and the
entrance angles into the Stators are not as high as for compressors |
or JI.

L30T

Vel ocities entering the stators near a Mach nunber of 1.0 are
probably difficult to handle. For subsonic Mach numbers near 1.0
the blade critical Mich nunber cannot be far exceeded. For super-
soni ¢ Mach numbers very close to 1.0, the angle through which the
flow can be deflected without formng a detached shock is very Small
thus stator blades with very small wedge angles wll be required.
Also, if the flowis only slightly off design, the angle of incidence -
plus the wedge angle may be sufficient to cause formation of a
detached shock or bow wave.

Efficiency. - The only losses considered in the conputations
weret he losses due to t he normal shook. [f a method of approaching
isentroplc decel erati on through the velocity of sound can be
adapted, however, these 108888 can be | argely eliminated. The
possibility of adapting devices to approach isentropic decel eration
exista for all cases in which the shock oceurs;although the use
of such devices on the rotating passage may prove difficult.

For pressure ratioe above 3.0, the added energy is obtai ned
largely through kinetic-energy addition. Hi gher solidities are
therefore required to acconplish the desired turning in the rotor
passage, Al so, the added kinetic energy increases the fl ow angle
into the stators, possibly neceasitating extra stator rows. The
viscous | 0oss then probably increases w t h increased pressure
ratios.

PERFORMANCE

This analysis 1s based on equations for one-dimensional f| ow,
where the Mach nunber is a function of only the passage area normal
to the flow direction. Sea-level condition8 were assumed for the
stagnetion conditiona at the conpressor entrance in all cases.
Entrance condltions of compressors |, ||, and |Il were assumed t he

o=
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same Wi th an absolute entrance Mach nunber of 0.8 and NO turning in
the guide vanes. For compressor IV, an axial entrance Mach number
of 0.39 and a turning of 30° were assumedin the guide vanes 80 t hat
subsonic relative Mach numbers are obtained for rotational speeds
up to 1300 feet per second.

When the air is decelerated through sonic velocity, the super-
sonlc f| ow is assumed t0 be isentropically compressed to the minfmum
area that willpermit etable supersonic flow entry (reference 1)
and & normal shock is assumed to occur in thils minimum passage area
at the loecalMach nunber. TIosses in total pressure due-to nor nal
shock are included in the computation but losses due to friction,
mixing, and ot her sources are negl ected.

Computations for each compressorwere nmade to determnine the
maxi mum theoretical total-pressure ratio available for a range of
rotetional speeds and rotor passage turning.

Al symbols used are defined in appendix A

Compressor |

A typical velocity diagram of compreassor | (rotor-contained
normal shock, subsonic stator) ia shown in figure | (a). Blade
rotational speeds from 1200 to 1800 feet per second and varying
val ues ofthe rotor-passage turning angle from Qo to 30° were
assumed. The passage-area reletlons are based on & two-dimensional
sectlon without change in root or tip radius. The computational
procedure for compressor | is given us an exanple in appendix B.

Total -pressure ratio. = The regiom of operation of conpressor |
isShown in figure Z(a) beloy the |ine Mg = 1.00, where Mg is
the Mach number entering the stators. The maximum total-pressure
ratio that can be obtained with speeds up to 1800 feet per second
is 6.4 for one stage.

Very little turning in the rotor passage is required for total-
pressure ratios of about2, but the stator angles Bs probably
require t w0 stator rows i f the maximum turning that can be
accomplished in one stator row 1s assumed to be about 40°. For
total-pressure ratios (f about 3.5, compressor I still has only a
smal | turning (less than 10°) in the roter for blade speeds above
1400 feet per secomd; however, the stator-entrance angles become
rather high (about 70°}.

UT——



8 SO NACA RM No. ESL10

Because of the present practical linmitations on the operating
parameters, only part of the area under the line Mg = 1.00
(fig. 2(a)) appears available for actual compressor operation. The
anount of diffusion possible in the rotor passages for bl ade golid-
itles of from 1.50 to 3.50 is linmted because at' the adverse condi-
tions following the normal shook. Efficient diffusion to a Mach
nunber as low as 0.45 may be assumed possible with these blade
solidities if careful attention is paid to the pressure gradients
caused by radial flows and to the blade design

Mach nunber limtations atthe diffusing stator entrance may
also restrict the practical range of total-pressure ratiocs. Because
of the large turning required, even with a force-break Mach nunber
(reference 5) instead of the critical Mach number into the stator
bl ades, a meximum absol ute Mach nunber above 0.85 after the rotor
cannot be expected to gi ve good performance. The limitations on
the angle and the Mach nunber into the stators nay possibly be
rel axed through application of the principle of the vaneless
diffuser. Through comservation of moment of nonentum the tangenti al
velocity and hence Mach nunber can be decreased by increasing the
radi us between the rotor and the stator. Sinilar considerations
can al so decrease t he stator angle.

The flow angle8 at the stator Inlet Bs nay become troubl e-
sone at the higher pressure ratios. A linit on the practical stator
angl e based on present conceptions may be assumed to exist at
about 75°.

If the stator-entrance Mach number and rotor-exit Mach nunber
(baaed on diffuser limitations) are assumed to be Limited to 0.85
and 0.45, respectively, the region of practicable performance is
restricted to the doubl e-shaded region in the lower left-hand part
of figure Z(a). The maxi mum possible totel-pressure ratio Wit hin
the preceding assumed restrictions 1as then about 4.6 for rotationa
speeds up to 1700 feet per second

The precedi ng consideratione were based entirely on two-
di mensi onal cal cul ati on8 with no change in root or tip radiue through-
outt he rotor or stator. If the root or tip radius is changed in
order to restrict the exit annulus, the limtation on turning
imposed by too rapid a diffusion can be relaxed. The degree to
which the flow angle into the stators is i nproved when the maximum
rotor diffusion is restricted to M's = 0.60 is shown in figure 2(b)
for a rotational, espeed of 1600 feet per second. This curve can be
conpared with the curve im figure 2(a) for the same rotational
speed conputed without variation of root or tip radius. The |ower
total -pressure ratio for a given rotor turning due to the restricted

SR
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rotor diffusionis quite apparent. In order to obtain a pressure'
rati o in t he restricted passage the same as that in the unrestricted
passage, more turning i s necessary to compensate for the |ack of
diffusion by adding kinetic energy. The use of the principle of the
vaneless di ffuser may also aid in relaxing the limitationse on the
maxi mum total - pressure ratio avail abl e from compressor |.

Compressor 11

A velocity di agram for compressor || is shown im figure | (b).
The computations are tesame as those of compressor | wth an
additional correction for deceleration through sonlc velocity in the
stators. Again, asfor compressor |, the calculations assumed no
change in root or tip radius.

Total -pressure ratio. - The theoretical total-pressure ratio
available W th compressor|| is shown in figure 2(a) above the
line Mg = 1.00. For design operation with a shock In the rotor
and sufficient ki netic emergy to give supersonic velocities into
the stators, the mninmumtotal-pressure ratio is about 4.6. The
maxi mum theoretical total-pressure ratio for bl ade speeds up to
1800 feet per second and 30° turning in the rotor passage is
approxi mately 8.8. The required diffusion rate, however, is quite
high for blades of about 4,0-ineh chord length and the stator-
entrance angles are so high that their accommodation is probably
very difficult.

In order to avoi d extreme rotor diffusionrates, high stator-
entrance angles and stator-entrance Mach nunbers omly slightly
above 1.00, radial restrlctlion of the flow areaat the rotor exit
is probably necessary. The case for which the exit Mach nunber
relative to the blade is held at 0.60 by radial restriction is shown
for 1600 feet per second in figure 2(b) above the point Mg = 1.0.

For a pressure ratio (f 5, a turning angle in the rotor passage
of 339 isrequired, with aMach nunber into the stator of 1.1. Wth
pressure ratios of about 6.5, the Mach number into the stator is
about 1.28 with a turning angle of 51° required in the rotor passage.
The angl es into the stators arenotprohi bitively large but require
at least two rows of stator blades to return the flow to the axi al
direction.

For proper operating conditions, compressor || nust have a normal
shock stabilized in both the rotor and the sbtator. anethod nust
therefore be found for steblllzing two or nore successilve nor mal

A
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ehocks in the conpressor passages in seriles by either exerting baok
pressure on the shock farthest downstream or by using independent
baok pressure on each rotor and stator row containing a shook. Dif-
flculty may also arise if the stator angles differ sufficiently from
the flow angle to cause too high a baok pressure to be exerted. on
the conpressor, thereby prohibiting the stert aof supersonic flow
into the rotor.

Conpressor |11
Compressor |11 is differentiated fromconpressor Il by the
exi stence of supersonic flow throughout the rotor passage. A typi-
cal wvelocity diagram for compressor IIl is shown in figure | (C) and

t he performance curve in figure 3. The relative Mach nunmber at the
rotor exit is assumed equal to the relative Mach nunber at the
entrence (that is, all the energy added is kinetic) and it is also
assumed that the flowis turned isentropically. The losses incurred
by deceleratingthe air through the sonic velocity in the stators
are Included in the conputation.

Total -pressure ratio. = The theoretical total-pressure ratio
shown in figure 3 continuouslyincreameswi th an increase in turning
angle and rotational aspeed. For total-pressure ratios of about 2.0
the rotor-passage turning and stator-entrance angles (22.4° and 18,0°,
respectively, for 1600 £t/sec) should offer no difficulty in design
or operation. Total-pressure ratios of about 3.5 require rotor-
passage turning of 40.8° for rotational speeds of 1600 feet per sec-
ond, but the stator-entrance angle of 299 can still be handled in
one row of stators. For average total-pressure ratios above 5.0
hi gher tip speeds may be desirable and two rows of stators mny
become necessary to return the flow to the axial direction. Stator-
entrance Mach numbers above 2.0 lead to | arge | osses through the
normal shock (above 20 percent using the optimm contraction ratio).
For total-pressure ratios of about 6.5, approach to isentropic
decel eration through sonic velocity is essential for reasonably
good efficienciea. I|nasnmuch as the nornal shock occurs in the
stator bl ades, however, this type of compressor may lend itself to
t he application of devices to acconplish isentropic deceleration
t hrough sonic velocity.

If it is assuned that a method may be found for naintaining the
stator-shook |osses to values bel ow 20 percent, the principal |im-
tation on compressor |1l is the required turning angle in the rotor
passage. The restrictions on the anount and rate of turning possible
in the rotor are not de®initely known, but these restrictions are
probably | ess severe than with compressors | and ||, inasnuch as
there is no normal shook to thicken the boundary |ayer and pressures
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al ong the blade can be controlled through proper cancellation of

obl i que shock waves to give a mninmum of adverse pressure gradlents.

The tota.l-pressurorati 0 avallable when isentroplc deceleration can

be obtained is shown by the upper curve of figure 3for & tip rota-.
tional speed of 1800feet per second. (@ qo" 4'—‘14“*- ~ 'E}J-Gﬂ

g/

crls [0°7 N
' ML= l70-
Compressor | v S5 N PO }-elm‘s)

Conpressor |1V utilizes a subsonie bl ower that inparts suffi-
ci ent kinetlic emergy to the f| ow to glve superscanicf| ow into the
stators. Atypical veloocity dlagram is shown in figure |(d). A
prerotation of 30° in the inlet gui de vanes and an absoclute Mach
nunber entering the rotor were assumedso that the rotor relative
entrance velocity remains subsonic for rotati onal speeds up to
1300 feet per second. The flow in the rotor is assumed to be turmed
isentropically with the rel ati ve Maeh nunber at the exit the same
88 t he relative entrance Mach number.

Total-pressure ratlo. - The naxi numtotal - pressure ratio
theoretically possible is shown in figure 4 For a totel-pressure
ratio of 2.0, a rotor passage turning of 43° and a stator-entrance
angl e of 42° ere required at a rotational speed of 1200 feet per
second. Based on these values,a pressure ratio (f 2.0 appears
readily attainable with good efficlency. At pressure ratios of 3.5,
arather high turning angle of 782 is required in the rotor passage
at 1200 feet per secomnd. One of the linitations on this compressor

" is the amount of turni ng feasible in the rotor passage. |f turning

Up to S0° can be obtai ned, theoretical total-pressure ratios
above 45per stag8 are possible.

Comparatlve Results

EfPPiclency. - The comparative loss In total pressure through
the shock at a rotational speed of 1600 feet per second for
compressors |, |1, and IlIl and at a rotational speed of 1300 feet
per second for conpressor |V plotted agai nst total-pressure ratio
is shown in figure 5. The losses are less than 10 percent at all

pressure rati os considered for compressors |, ||, and IV. The shock
lossesfor compressor ||| nay be scmewhet greater. Because the
shook is looated in the stators for compressor |||, however, devices

f or approaching i sentropi o deceleration can probably be more eesily
appl i ed (referemce o).

= i v »
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Mass flow. - Inaesmuch as the entrance conditions for compres-
sore I, Il, and IIl are the same, the mass flow per Unit area of the
epnulus i s the sane. Thehigh entrance Mach number of 0.8 pernits
about 96 percent of the maximwm mass fl ow through the annulua. The
hub-tip ratio is restricted by the requirement of supersonic
veloclities relative to the rotor blade at the root, but the total
mass flow from compressors |, II, and Ill equals the best subsonic
compressgors having an equivalent frontal area. The |ow entrance
Mach numbexr of compressor |V restricts the mass flow per unit area
of the annulus. The axial Mach nunber used of 0.39 gives a mass
flow of only 60 percent of the maximum t hrough the anmulus. |nas-
much as the restriction of always havi ng supersonic vel ocities
relative to the rotor root does not apply to compressor IV, larger
hub-tiprati os may possibly be used and the total mass flow for a
given frontal area may be comparable with that of conpressors I,

[1, and I11.

SUMMARIZING REMARKS

Analytical performance conputations for four different
supersonic-compressor configurations gave the foll owi ng results:

Compressor | with a rotor-contained normel shock and subsonic
velocity at the stator entrance offered a total -pressure ratio of
about 3.5 per stage,and for no change inoutershroud radi us was
limted by the etator-entrance angles and stator-entrance Mach
nunbers to a maximum total -pressure ratio per stage of 4.6.

Conpressor Il had a rotor-contained nornmal shock but permtted
supersonic velocities at the stator entrance. Total-pressure ratios
above 6.0 per stage weretheoretically possible, but probl ens such
as stabilizing normal shock8 in both the rotor and stator, | arge
turningin the rotor passage, and utilizing the high stator-entrance
angles require further investigatlon.

Compressor ||| utilized supersonic flow throughout the rotor
and recovered the pressures in supersonlic stators having a contalned
nor mal shock. Total-pressure ratios above 5.0 were possible in a
single stage. (bn o V79 , Lo—p;f;w LG O OM o - TE Te &

o ) s et d I

Conpressor 1V had subsonic vefocit,y’"in fhe rotor and supersonic

velocity in the stator entrance. Theoretical total-pressure ratios

R N
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ahove 4. 0 per stage ar € possible, but t he range Of efficient supersenic oper ati On was expected
to be from1.8 to 22

!I!hefollov:lngtablem1mMsthe¥eﬁomnwrmgef0r compressor types |, ||, and |||
atan axialentremce Mach numberof 0. 80 and compressor |V at an axi al . entrance Mach
aumber 0f 0. 39:
Total- 1000 1200 1400 1600 1800
SN R A R B R B RAN
ratio |sor (deg) |(deg) | (deg) |(deg) |(deg) |(deg) |(deg) |(deg) [(deg) |(deg)
| 1.455.0] 04 %54.0
2 [ 30.6/23.0/26.4/20.0{22.4|18.019.4]|16.0
| v 56.0|47.0] 43.0|42.0
I 10.0[ 70.0] -1.6] 69.0
3.5 [ 56.0|40.0]47.0] 33.0]40.6]29.0( 36.21 26.0
v 78.0| 54.2
1L 10.0 [ 7s.5] -1.5| 75.5
5.0 IIT 32.0|61.0
63.0| 43.,0]55.0[ 37.0| 48.0| 33.0
6.5 IT 51.0| 63.0
[ 59.0 | 39.0

ATurning angle in rotor bl ade passages.
bangle Det ween absolute air velocity and compressor axls ai stator entrance.

The modified compressor ||, in which t he aiffusion atthe rotor exit s restricted to
Mz =0.60, iSusedl|n thistable because the anount of aiffusion which would be required
without ohange in I Of OF €XI{ annnlus is believed t O be very difficult to obtain.

Theviscouslossss ineachecmpresacrwerspr Obably | arger than those foranaxial-flow
subsonioc rotcr Of t he same pressurerati 0. The shock losses at a apeed Of 1600 feet per

OTIRE "CN Wi VOVN
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second for conpressors |, IIl, Ill and at a speed of 1300 feet per
second for compreasor |V were |ess than 10 percent except for total-
pressure ratios above 3.5 with compressor |||. Because the shock
was |l ocated in the stators for compressor |||, however, devices far

approachi ng isentropic decel eration nay be nore easily applied.

The specific mass flow of compressors |, Il, and IIl for nost
deaigns Shoul d be above 90 percent of naxi numfor the annul ar area.
Conpressor |V had a specific mass fl ow only about 60 percent of max-
i mum but because of the mmaller radius ratio possible, may have a
total mass fl ow comparable with the other types for a given frontal
area,

Lewis Flight Propulsion Laboratory,
Nati onal Advisory Committee for Aercmautics,

C evel and, Onio.
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ATPENDIX A
SYMBOLS

The following synbol s are used in this analysils:
A aree {consistent units)
a vel ocity of sound, f£t/sec
Cr Dpassage comtraction ratio, Ainlet/Aminimum
Ep passage expansion ratio, Aptnimum/Rexit
M

absolute Mach number '
M®' Mach number relative to rotor bl ades
P absolute total pressure, 1lb/sq £t
P' relative tOtal pressure, 1lb/sg £t
p static, O stream, pressure, 1b/sq ft
T absol ute total temperature, °R
T relative total tenperature, °R
t stati o, or stream, tenperature, °R
rotational speed ofblade at radius r, ft/sec
absolute velocity of air, f&t/sec
A velocity of airrelative to rotor blades, ft/sec
B angl e between absol ute air velocity and compressor axis deg
g angle between rel ative air veloeity and compressor axis, deg
Y rati o of epecific heats

e turning angl e i n rotor blade passages, deg
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Subscripts:

cr oriticel

min minimum

z axial direction

a tangential component

0 stagnation condition

2 exlt from guide vanes

3 immediately bef or e shock in rotor
4 i medi ately after ehook in rotor

5 exit from rotor, emtrance to stators
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APPENDIX B
SAMPLE COMPUTATION

A sample computation 1s given for the performance characteris-
tics of compressor | at a rotatiomal speed of 1600 feet per second
and a rotor-passage turning angle of 10°. These computations are
based on one-dimensicnal relations, and tables or charts such as
t hose of reference 7 greatly facilitate t he computational process.

The following equations, which nay be found in any book of
supersonic fl ow (for exsmple, reference 8), are used in the sanple
computation:

t 2 (1)
T 24 (y-1) M2
- _Ll
P_ z=1.2) 77
-1+ 52w (2)
+1
Aer 1|2 -1 2]2%7'15
T=ﬁ'[;+—1(1+%-ﬂ) 3)
o2z
-1 -1
241\
Fa (7'?= i (4)
£ = T
7- 7-
2 2 27 2_)
(7-1 + M3 ) (7-1 Mz -1
=1 2
-2 Mi (5)
wig? - L=
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The fol |l owi ng conditione are assumed:

My 2 = 0.80 T = 520°

U = 1600 ft/sec 6 = 10°

Then from equation (1),

= 0.8865, tp = 520@ —460.0°
é/z 2 2

as = 49.1 /Vtz = 1052
vz,z = Mz,z 8.2 = 841.9
From equatiom (2),

2 = 0.656
oF /2
| n accordance with t he assumptions and t he- veloolty triangle,

U

g!_ = tan~1 = 62.24°
2 Vz,z
Va,2 1 U
Vg =—222_= 1808 ft/sec A&
cos B¢
' B',

Ve
M'o = == = 1.719
2= %,

(l".,.) = 0.6286
2

(i?-'-)z = 0. 1969

vz,2

Fram equation (1},

From equation (2),

t P'2 _ 0.656
T's = = 733.4°9, —* = = = 3.331
2 (& ’ R0 (R
T1)o P'j2

O EE—
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In order to determne the Mach nugber at the blade ninimum

section, the contraction-ratio curves TOl M's given in figure 3 of
reference 4 are used to find Cgr = 1.148.

A
From equation (3) and the val ue of M'g,(—ﬁ-r-)w = 0.7376
Then

A
(_..Er) = Cg (—-—Ar) = 0. 8466
3, compressed 2,M'>

Acy
From egquation (3) and A ]
, compressed

M'z = 1.51

The total -pressure rati o aeross ths nornal shook ean be obtained
from equation (4) for M'z as ’

Py
P - 0. 9266

fromequation (5) for M'z,

M'y = 0.6976

mequation(s) for Mg, (A%)‘i = 0.9123

The expansion rati o between passage m ni num area and exit is

By = CRM=1143 w 9B 52.24 _ 1 519

(cos B!) entrance . - 62. 24

Then

C,

L.
= o 0. 6042
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For <§2r-) and equation (3), M's = 0.38. Fram equations (1)
5

(

and (2)for M's,

ot

= 0. 9052

-] = 0.9719, £
)5 F' 5

=

t '
t - ! m——— = .
5= 12 g . 712.5
P4 Py, Pty

-f,—o- -fJFrg-5.088

Ps _P'4 /p°
Po PO RT)g

-
ag = 49.1 ts = 1311 l

Vis = M's a5 = 498. 2

= 2.793

B's = By - 6 = 52.24°
Vz,s = 7'5 cos 5'5 = 305.1 vs\ 79,5

V'G’s = 7'5 sin B's = 394
o\

VQ,S =T - V'e,s = 1206

A/
~1('8 5) o
85 = tan (v—l— = 75.8
z,5

_ Va,5

Vs = sin 85 © 1244

Mg = .:;:- = 0.949

1067 .
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Frau equatioms (1) and (2) for Mg,

. 847
T}5a08

(g)s = 0. 5602

Then
841.2°

&

L]
~=
c..

1

The compressor shock | osses are egqual to the nmormal shock
| osses except for compressor ||, which has tot 81 shook | osses equal
to 1.00 minus the produect of the rotor and the stator nornal - shook
recoveries.
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Mean flow
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Figure . = Represemtat Ivevelacity diagrams for supersonic compressor.
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My = 1.72 Mg =~ 2.04
vy = PR /_v5 = 2146

Mg = 1.72
Vg = 1808

(¢) Compressor III. Pressure ratio, 4.45.

My = 0.95
v, = 1045

Ms = 1,50

65.9°

{d) Compressor I¥. Pressure rat io, 3.12.

Figure 1. - Concluded. Representative velocity diagrams for supersonic compressor.
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(a) Constant hub and tip radii through passage. Compressor |
below line Mg = | .00; compressor If above | ine Mg = | .0Q.

Figure 2. - Over-atl perforsance Of supersonic compressers | and Il. Specific
mass flow, 0.886; Mz_a, 0.80.




Total-pressure ratio

-SRR—— NACA RM No. E8L 10

Ms

; 113 -
I N R =g
L e e |
| I I 1

DIt e KEh | e

T |
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Turning angle in rotor passage, €, deg

(b) Hub and tip tapered so that Mg=0.60; U, 1600 feet per
second.

Figure 2. — Concluded. Over-al ! performance of supersonic
compressors [ and TT. Specific mass flow, 0.96; Mz,2:
0. 80.
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Figure 4. -« Over-all performance ot supersonic compressor IV,

“z,Zc 0.39: specitic mass floe. 0.616.
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